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100

RECEIVE A FIRST AMOUNT OF MEASUREMENT DATA ASSOCIATED WITH
MEASUREMENTS OF A FIRST PLURALITY OF MEASUREMENT SITES ON A
SURFACE OF A SEMICONDUCTOR WAFER, WHEREIN EACH OF THE FIRST
PLURALITY OF MEASUREMENT SITES INCLUDES A SINGLE PATTERNED
METROLOGY TARGET HAVING A FIRST GRATING PITCH GENERATED BY A
FIRST PATTERNING STEP OF A MULTIPLE PATTERNING PROCESS AND A
101~ MULTIPLE PATTERNED METROLOGY TARGET HAVING A SECOND GRATING
PITCH GENERATED BY THE FIRST PATTERNING STEP AND A SUBSEQUENT
PATTERNING STEP OF THE MULTIPLE PATTERNING PROCESS, WHEREIN THE
SINGLE PATTERNED METROLOGY TARGET AND THE MULTIPLE PATTERNED
METROLOGY TARGET ARE DISPOSED ADJACENT TO ONE ANOTHER AT
EACH MEASUREMENT SITE

DETERMINE AT LEAST ONE STRUCTURAL PARAMETER VALUE ASSOCIATED
WITH EACH OF THE FIRST PLURALITY OF MEASUREMENT SITES BASED ON
THE FIRST AMOUNT OF MEASUREMENT DATA AND A COMBINED
MEASUREMENT MODEL, WHEREIN A MODEL PARAMETER CHARACTERIZING
102 ~1 THE SINGLE PATTERNED METROLOGY TARGET AND A MODEL PARAMETER
CHARACTERIZING THE MULTIPLE PATTERNED METROLOGY TARGET ARE
LINKED IN THE COMBINED MEASUREMENT MODEL, AND WHEREIN THE AT
LEAST ONE STRUCTURAL PARAMETER VALUE IS INDICATIVE OF A
GEOMETRIC ERROR INDUCED BY THE MULTIPLE PATTERNING PROCESS

103 ~—{ STORE THE AT LEAST ONE STRUCTURAL PARAMETER VALUE IN A MEMORY

FIG. 2
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110

RECEIVE A SECOND AMOUNT OF MEASUREMENT DATA ASSOCIATED WITH A
SECOND PLURALITY OF MEASUREMENT SITES, WHEREIN EACH OF THE SECOND
PLURALITY OF MEASUREMENT SITES INCLUDES A SINGLE PATTERNED
METROLOGY TARGET HAVING A FIRST GRATING PITCH GENERATED BY A FIRST
PATTERNING STEP OF A MULTIPLE PATTERNING PROCESS AND A MULTIPLE
PATTERNED METROLOGY TARGET HAVING A SECOND GRATING PITCH
GENERATED BY THE FIRST PATTERNING STEP AND A SUBSEQUENT PATTERNING
STEP OF THE MULTIPLE PATTERNING PROCESS, WHEREIN AT LEAST ONE
STRUCTURAL PARAMETER VALUE CHARACTERIZING THE SINGLE PATTERNED
METROLOGY TARGET AND AT LEAST ONE STRUCTURAL PARAMETER VALUE
CHARACTERIZING THE MULTIPLE PATTERNED METROLOGY TARGET ARE KNOWN
AT EACH OF THE SECOND PLURALITY OF MEASUREMENT SITES

111

v

DETERMINE A MULTI-TARGET MODEL SUCH THAT THE MULTI-TARGET MODEL
112 ~4 CAPTURES GEOMETRIC FEATURES OF THE SINGLE PATTERNED METROLOGY
TARGET AND THE MULTIPLE PATTERNED METROLOGY TARGET

y

113~/ TRAIN THE MULTI-TARGET MODEL BASED ON THE SECOND AMOUNT OF
MEASUREMENT DATA AND THE KNOWN STRUCTURAL PARAMETER VALUES

Y

GENERATE A FIRST LIBRARY OF MEASUREMENT DATA BASED ON SIMULATIONS
OF THE TRAINED MULTI-TARGET MODEL FOR A RANGE OF STRUCTURAL
PARAMETER VALUES ASSOCIATED WITH THE SINGLE PATTERNED METROLOGY
114 ~4 TARGET AND GENERATE A SECOND LIBRARY OF MEASUREMENT DATA BASED ON
SIMULATIONS OF THE TRAINED MULTI-TARGET MODEL FOR A RANGE OF
STRUCTURAL PARAMETER VALUES ASSOCIATED WITH THE MULTIPLE
PATTERNED METROLOGY TARGET

A 4

STORE THE FIRST AND SECOND LIBRARIES COF MEASUREMENT VALUES IN A
MEMORY

115 ~~

FIG. 3
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120

RECEIVE A SECOND AMOUNT OF MEASUREMENT DATA ASSOCIATED
WITH A SECOND PLURALITY OF MEASUREMENT SITES, WHEREIN EACH OF
THE SECOND PLURALITY OF MEASUREMENT SITES INCLUDES A SINGLE
PATTERNED METROLOGY TARGET HAVING A FIRST GRATING PITCH
GENERATED BY A FIRST PATTERNING STEP OF A MULTIPLE PATTERNING
PROCESS AND A MULTIPLE PATTERNING METROLOGY TARGET HAVING A
121~ SECOND GRATING PITCH GENERATED BY THE FIRST PATTERNING STEP
AND A SUBSEQUENT PATTERNING STEP OF THE MULTIPLE PATTERNING
PROCESS, WHEREIN AT LEAST ONE STRUCTURAL PARAMETER VALUE
CHARACTERIZING THE SINGLE PATTERNED METROLOGY TARGET AND AT
LEAST ONE STRUCTURAL PARAMETER VALUE CHARACTERIZING THE
MULTIPLE PATTERNED METROLOGY TARGET ARE KNOWN AT EACH OF THE
SECOND PLURALITY OF MEASUREMENT SITES;

Y

EXTRACT ONE OR MORE FEATURES OF THE SECOND AMOUNT OF
MEASUREMENT DATA BY REDUCING A DIMENSION OF THE SECOND
122 ~4 AMOUNT OF MEASUREMENT DATA, AND WHEREIN THE DETERMINING THE
INPUT-OUTPUT MEASUREMENT MODEL IS BASED AT LEAST IN PART ON THE
ONE OR MORE FEATURES (OPTIONAL)

A4

DETERMINE AN INPUT-OUTPUT MEASUREMENT MODEL BASED AT LEAST IN
123 ™ PART ON THE SECOND AMOUNT OF MEASUREMENT DATA

Y

TRAIN THE INPUT-OUTPUT MEASUREMENT MODEL BASED ON THE KNOWN
124 ™ STRUCTURAL PARAMETER VALUES

FIG. 4
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400

ILLUMINATING A MEASUREMENT SITE ON A SURFACE OF A
401~ SEMICONDUCTOR WAFER, WHEREIN THE MEASUREMENT SITE
INCLUDES A METROLOGY TARGET HAVING A NOMINAL GRATING

PITCH GENERATED BY A MULTIPLE PATTERNING PROCESS

Y

DETECTING AN AMOUNT OF LIGHT DIFFRACTED FROM THE
402 A ILLUMINATED MEASUREMENT SITE AT A DIFFRACTION ORDER
DIFFERENT FROM A ZERO DIFFRACTION ORDER

y

DETERMINING AT LEAST ONE STRUCTURAL PARAMETER VALUE
INDICATIVE OF A GEOMETRIC ERROR INDUCED BY THE MULTIPLE
4031  PATTERNING PROCESS BASED ON THE AMOUNT OF DETECTED
LIGHT

Y

STORE THE AT LEAST ONE STRUCTURAL PARAMETER VALUE IN A
404~ MEMORY

FIG. 17
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1
MEASUREMENT OF MULTIPLE
PATTERNING PARAMETERS

CROSS REFERENCE TO RELATED
APPLICATION

The present application for patent claims priority under 35
U.S.C. §119 from U.S. provisional patent application Ser.
No. 61/920,462, entitled “Method and Apparatus for Mea-
suring Parameters of Multiple Patterning,” filed Dec. 23,
2013, the subject matter of which is incorporated herein by
reference in its entirety.

TECHNICAL FIELD

The described embodiments relate to metrology systems
and methods, and more particularly to methods and systems
for improved measurement of parameters characterizing the
dimensions of structures generated by multiple patterning
processes.

BACKGROUND INFORMATION

Semiconductor devices such as logic and memory devices
are typically fabricated by a sequence of processing steps
applied to a specimen. The various features and multiple
structural levels of the semiconductor devices are formed by
these processing steps. For example, lithography among
others is one semiconductor fabrication process that
involves generating a pattern on a semiconductor wafer.
Additional examples of semiconductor fabrication processes
include, but are not limited to, chemical-mechanical polish-
ing, etch, deposition, and ion implantation. Multiple semi-
conductor devices may be fabricated on a single semicon-
ductor wafer and then separated into individual
semiconductor devices.

Multiple patterning techniques are now commonly
employed to increase the resolution of features printed onto
the semiconductor wafer for a given lithographic system.
FIGS. 1A-1D depict a double patterning lithography (DPL)
technique commonly referred to as a litho-etch-litho-etch
(LELE) process. FIG. 1A depicts a silicon base layer 10, an
interface layer such as silicon dioxide, a device layer 12, a
hard mask layer 13, a sacrificial layer 14, and a patterned
resist layer 15 that results from a lithography patterning step.
The structure of depicted in FIG. 1A is then subjected to
exposure and etch steps that result in the structure illustrated
in FIG. 1B. In this structure, the pattern of resist layer 15 has
been effectively transferred to the hard mask layer 13. Both
the sacrificial layer 14 and the patterned resist layer 15 have
been removed. A number of deposition and lithographic
steps are employed to arrive at the structure illustrated in
FIG. 1C. FIG. 1C illustrates another sacrificial layer 16 and
patterned resist layer 17 built on top of the hard mask layer
13. Patterned resist layer 17 includes a pattern having the
same pitch as the first patterned resist layer 15, and also the
same pitch as the pattern etched into the hard mask layer 13.
However, the patterned resist layer 17 is offset from the
pattern of the hard mask layer 13 by half of the pitch of the
patterned resist layer 17. The structure of depicted in FIG.
1C is then subjected to exposure and etch steps that result in
the structure illustrated in FIG. 1D. In this structure, the
pattern of resist layer 17 has been effectively transferred to
the hard mask layer 13. Both the sacrificial layer 16 and the
patterned resist layer 17 have been removed. FIG. 1D
illustrates a pattern etched into hard mask 13 that is double
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the pitch of the patterned resist layers 15 and 17 generated
by the mask of the lithographic system.

FIG. 1D also depicts the effects of a non-optimized DPL
process. Ideally, the nominal pitch of the double patterned
structure should be a constant value, P. However, due to
imperfections in the DPL process, the pitch of the resulting
structure may vary depending on location due to grating
non-uniformities. This is commonly termed “pitch walk.” A
variation from the nominal pitch, P, is depicted as AP in FIG.
1D. In another example, a critical dimension of each result-
ing structure should be the same nominal value, CD. How-
ever, due to imperfections in the DPL process, a critical
dimension (e.g., middle critical dimension, bottom critical
dimension, etc.) of the resulting structure may vary depend-
ing on location. A variation from the critical dimension, CD,
is depicted as ACD in FIG. 1D.

Pitch walk and ACD are exemplary geometric errors
induced by imperfections in the DPL process such as mis-
alignment between the two lithography layers, non-unifor-
mities in the focus and exposure of the lithographic process,
mask pattern errors, etc. Both pitch walk and ACD introduce
a unit cell that is larger than expected. Although pitch walk
and ACD are described in particular, other multiple pattern-
ing errors may be contemplated.

Although the LELE process is described with reference to
FIGS. 1A-1D, many other multiple patterning processes that
induce similar errors may be contemplated (e.g., litho-litho-
etch, spacer defined double patterning, etc.). Similarly,
although a double patterning process is described with
reference to FIGS. 1A-1D, similar errors arise in higher
order patterning processes such as quadruple patterning.
Typically, errors such as pitch walk and ACD are more
pronounced in structures that result from higher order pat-
terning processes.

Metrology processes are used at various steps during a
semiconductor manufacturing process to detect defects on
wafers to promote higher yield. Optical metrology tech-
niques offer the potential for high throughput measurement
without the risk of sample destruction. A number of optical
metrology based techniques including scatterometry and
reflectometry implementations and associated analysis algo-
rithms are commonly used to characterize critical dimen-
sions, film thicknesses, composition and other parameters of
nanoscale structures.

However, measurement of errors induced by multiple
patterning processes is especially challenging due to the fact
that optical CD, and even CD-SEM measurements, lack
significant sensitivity to these types of errors.

Metrology applications involving the measurement of
structures generated by multiple patterning processes pres-
ent challenges due to increasingly small resolution require-
ments, multi-parameter correlation, increasingly complex
geometric structures, and increasing use of opaque materi-
als. Thus, methods and systems for improved measurements
are desired.

SUMMARY

Methods and systems for evaluating the performance of
multiple patterning processes are presented. More specifi-
cally, geometric structures generated by multiple patterning
processes are measured and one or more parameter values
characterizing geometric errors induced by the multiple
patterning process are determined in accordance with the
methods and systems described herein.

In one aspect, the value of a structural parameter indica-
tive of a geometric error induced by the multiple patterning
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process is determined based on a fitting of measurement data
to a combined measurement model. The measurement data
is collected from a number of measurement sites on the
surface of a semiconductor wafer. Each measurement site
includes at least two metrology targets. The first metrology
target is generated by a single patterning step of a multiple
patterning process. A second metrology target is generated
by a multiple patterning steps, including the patterning step
employed to generate the first metrology target.

The measurement model is a combined measurement
model that links structural parameters, material parameters,
or a combination of structural and material parameters of
both the single patterned and multiple patterned metrology
targets. In this manner, the measurement model captures a
single step of a multiple patterning process and at least one
subsequent step of the multiple patterning process in a
combined measurement model.

The metrology targets are located as close together as
possible to enhance the accuracy of the combined measure-
ment model. In some embodiments, both metrology targets
are located adjacent to one another at each measurement site.
By locating the metrology targets close together, simplifying
assumptions used to link parameters of both metrology
targets are less likely to induce significant errors.

In a further aspect, the combined measurement model is
formulated based on measurement data from metrology
targets having known structural parameter values. More
specifically, a structural parameter value (e.g., critical
dimension, trench depth, sidewall angle, etc.) associated
with the single patterned metrology target and a structural
parameter value associated with the multiple patterned
metrology target are known. In some embodiments, the
metrology targets are simulated and the structural parameter
values of both metrology targets are calculated as a result of
the simulation. In some other embodiments, the metrology
targets are actually manufactured and measured by a refer-
ence measurement system, and the structural parameter
values are determined by the reference measurement system.

In another aspect, diffracted light having a diffraction
order different from zero is collected and analyzed to deter-
mine the value of at least one structural parameter that is
indicative of a geometric error induced by a multiple pat-
terning process. In some embodiments, a single diffraction
order different from zero is collected and analyzed to deter-
mine the value of at least one structural parameter that is
indicative of a geometric error induced by a multiple pat-
terning process.

In yet another aspect, a metrology target is designed with
a relatively large variation in pitch to enhance measurement
sensitivity based on measurements of light diffracted at a
single order or multiple orders different from zero order.

In yet another aspect, multiple patterning errors are
detected based on the presence of Rayleigh anomalies.
Rayleigh anomalies appear when a propagating order goes
evanescent. It is a spectral singularity that often appears as
a sudden transition in a measured spectrum.

In yet another aspect, the measurement model results
described herein are used to provide active feedback to a
process tool (e.g., lithography tool, etch tool, deposition
tool, etc.). For example, values of the structural parameters
determined using the methods described herein can be
communicated to a lithography tool to adjust the lithography
system to achieve a desired output. In a similar way etch
parameters (e.g., etch time, diffusivity, etc.) or deposition
parameters (e.g., time, concentration, etc.) may be included
in a measurement model to provide active feedback to etch
tools or deposition tools, respectively.
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The foregoing is a summary and thus contains, by neces-
sity, simplifications, generalizations and omissions of detail;
consequently, those skilled in the art will appreciate that the
summary is illustrative only and is not limiting in any way.
Other aspects, inventive features, and advantages of the
devices and/or processes described herein will become
apparent in the non-limiting detailed description set forth
herein.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1D depict selected steps of a double patterning
lithography (DPL) technique commonly referred to as a
litho-etch-litho-etch (LELE) process.

FIG. 2 is a flowchart illustrative of a method 100 of
determining one or more parameter values characterizing
geometric errors induced by a multiple patterning process.

FIG. 3 is a flowchart illustrative of a method 110 of
formulating and training a combined model useful to deter-
mine one or more parameter values characterizing geometric
errors induced by a multiple patterning process.

FIG. 4 is a flowchart illustrative of a method 120 of
formulating and training a combined model useful to deter-
mine one or more parameter values characterizing geometric
errors induced by a multiple patterning process.

FIG. 5 depicts a semiconductor wafer 130 having a
number of die located at various measurement sites over the
surface of the wafer, each having different, known structural
parameter values.

FIG. 6 depicts a semiconductor wafer 140 having a
number of die located at various measurement sites over the
surface of the wafer, each having nominal structural param-
eter values.

FIGS. 7A-7B depict detailed views of a single patterned
unit cell and a multiple patterned unit cell, respectively.

FIGS. 8A-8D illustrate plots 150-153, respectively, dem-
onstrating the results of measuring a number of structural
parameters indicative of geometric errors induced by a
multiple patterning process.

FIG. 9 illustrates a system 300 for measuring character-
istics of a specimen in accordance with the exemplary
methods presented herein.

FIG. 10 depicts a patterned layer 161 disposed over an
underlayer 160 of a semiconductor wafer. In the depicted
embodiment, the patterned layer 161 is a grating structure
having uniform pitch.

FIG. 11 depicts a patterned layer 171 disposed over an
underlayer 170 of a semiconductor wafer. In the depicted
embodiment, the patterned layer 171 is a grating structure
having non-uniform pitch.

FIG. 12 illustrates a plot 180 of the resulting angles of
diffraction associated with -1* order diffraction from a
grating having a 80 nanometer pitch for a range of angles of
incidence.

FIG. 13 illustrates a plot 190 of the resulting angles of
diffraction associated with -1* order diffraction from a
grating having a 90 nanometer pitch for a range of angles of
incidence.

FIG. 14 illustrates a plot 200 of the resulting angles of
diffraction associated with —1* order diffraction from a
grating having a 100 nanometer pitch for a range of angles
of incidence.

FIG. 15 illustrates a plot 210 of the resulting angles of
diffraction associated with -1* order diffraction from a
grating having a 120 nanometer pitch for a range of angles
of incidence.
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FIG. 16 illustrates a plot 220 of the resulting angles of
diffraction associated with —1% order diffraction for a fixed
angle of incidence (70 degrees) over a range of illumination
wavelengths.

FIG. 17 illustrates a method 400 suitable for implemen-
tation by a metrology system such as metrology systems
500, 600, and 700 illustrated in FIGS. 18, 19, and 20,
respectively, of the present invention.

FIG. 18 illustrates a metrology system 500 for measuring
characteristics of a specimen in accordance with the exem-
plary methods presented herein

FIG. 19 illustrates a metrology system 600 for measuring
characteristics of a specimen in accordance with the exem-
plary methods presented herein.

FIG. 20 illustrates a metrology system 700 for measuring
characteristics of a specimen in accordance with the exem-
plary methods presented herein.

FIG. 21 illustrates a plot 230 indicating the wavelength of
light diffracted at the first order and collected for different
values of nominal pitch.

FIG. 22 illustrates a plot 240 indicating the difference in
spectral energy between two azimuthal angles over a range
of wavelengths for the case of zero pitch walk and two
nanometers of pitch walk.

FIG. 23 illustrates a plot 250 indicating the difference in
spectral signals for the cases of zero pitch walk and one
nanometer pitch walk over a range of wavelengths.

FIG. 24 illustrates a nominal device structure 260 gener-
ated by two patterning steps that are performed perfectly.

FIG. 25 illustrates a metrology target 270 that corresponds
to the nominal device structure 260 depicted in FIG. 24.
Metrology target 270 is designed with a relatively large
variation in pitch to enhance measurement sensitivity based
on measurements of light diffracted at orders different from
zero order.

DETAILED DESCRIPTION

Reference will now be made in detail to background
examples and some embodiments of the invention, examples
of which are illustrated in the accompanying drawings.

Methods and systems for evaluating the performance of
multiple patterning processes are presented. More specifi-
cally, geometric structures generated by multiple patterning
processes are measured and one or more parameter values
characterizing geometric errors induced by the multiple
patterning process are determined in accordance with the
methods and systems described herein.

In one aspect, the value of a structural parameter indica-
tive of a geometric error induced by the multiple patterning
process is determined based on the measurement data and a
combined measurement model. The measurement data is
collected from a number of measurement sites on the surface
of a semiconductor wafer. Each measurement site includes
at least two metrology targets. The first metrology target is
a single patterned metrology target generated by a first
patterning step of a multiple patterning process. In some
embodiments the single patterned metrology target is a
grating having a constant nominal pitch. A second metrology
target is a multiple patterned metrology target generated by
a multiple patterning process that includes the first pattern-
ing step and at least one subsequent patterning step. In some
embodiments, the multiple patterned metrology target is also
a grating structure having a constant nominal pitch that is
smaller than the single patterned metrology target.

The measurement model is a combined measurement
model that links structural parameters, material parameters,
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or a combination of structural and material parameters of
both the single patterned and multiple patterned metrology
targets. In this manner, the measurement model captures the
first step of a multiple patterning process and at least one
subsequent step of the multiple patterning process in a
combined measurement model.

The metrology targets are located as close together as
possible to enhance the accuracy of the combined measure-
ment model. In some embodiments, both metrology targets
are located adjacent to one another at each measurement site.
By locating the metrology targets close together, simplifying
assumptions used to link parameters of both metrology
targets are less likely to induce significant errors. For
example, the thickness of an underlying layer is very likely
to be the same value for both metrology targets as long as the
targets are located in close proximity. Thus, for adjacent
metrology targets, the thickness of the underlying layer can
be treated as the same constant value without inducing
significant error.

FIG. 2 illustrates a method 100 suitable for implementa-
tion by a metrology system such as metrology system 300
illustrated in FIG. 9 of the present invention. In one aspect,
it is recognized that data processing blocks of method 100
may be carried out via a pre-programmed algorithm
executed by one or more processors of computing system
330, or any other general purpose computing system. It is
recognized herein that the particular structural aspects of
metrology system 300 do not represent limitations and
should be interpreted as illustrative only.

In block 101, first amount of measurement data associated
with measurements of a first plurality of measurement sites
on a surface of a semiconductor wafer are received by a
computing system (e.g., computing system 330).

Each of the first plurality of measurement sites includes a
single patterned metrology target having a first grating pitch
generated by a first patterning step of a multiple patterning
process and a multiple patterned metrology target having a
second grating pitch generated by the first patterning step
and a subsequent patterning step of the multiple patterning
process. In some embodiments, the single patterned metrol-
ogy target and the multiple patterned metrology target are
disposed adjacent to one another at each measurement site.

FIG. 6 depicts a semiconductor wafer 140 having a
number of die (e.g., die 143) located at various measurement
sites over the surface of the wafer. In the embodiment
depicted in FIG. 6, the die are located at measurement sites
arranged in a rectangular grid pattern in alignment with the
depicted x and y coordinate frame 148. Each die includes a
single patterned metrology target (e.g., single patterned
metrology target 146) and a multiple patterned metrology
target (e.g., multiple patterned metrology target 147). In the
embodiment depicted in FIG. 6, each single patterned
metrology target includes a set of lines (e.g., the set of lines
including line 141) that result from a first patterning step.
Each multiple patterned metrology target includes the set of
lines that result from a first patterning step along with at least
one more set of interposed lines (e.g., the set of lines
including line 142) that result from a subsequent step in the
multiple patterning process. As a result, each single pat-
terned metrology target includes a grating structure having
a repeated pattern of trench structures such as the single
patterned unit cell 144 depicted in FIG. 6. Similarly, each
multiple patterned metrology target includes a grating struc-
ture having a repeated pattern of trench structures such as the
multiple patterned unit cell 145 depicted in FIG. 6. FIG. 7A
depicts single patterned unit cell 144 in greater detail. As
depicted in FIG. 7A, the geometry of single patterned unit
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cell 144 is characterized by a critical dimension of the trench
structure (CD1) and a depth of the trench structure (TD1).
Similarly, FIG. 7B depicts multiple patterned unit cell 145 in
greater detail. As depicted in FIG. 7B, the geometry of
multiple patterned unit cell 145 is characterized by a critical
dimension of the trench structure (CD2) and a depth of the
trench structure (TD2). The values of these structural param-
eters are indicative of geometric errors induced by the
multiple patterning process. The particular structural param-
eters described herein (i.e., CD and TD) are provided by way
of non-limiting example. In general, many other structural
parameters (e.g., sidewall angle, bottom critical dimension,
etc.) may be employed to indicate geometric errors induced
by the multiple patterning process.

Wafer 140 includes an array of nominally valued struc-
tures. Thus, CD1, CD2, TD1, and TD2 have the same
nominal values regardless of location on the wafer 140. In
this manner, wafer 140 can be considered a product wafer.

In some examples, the first amount of measurement data
includes two ellipsometric parameters (W,A) over a spectral
range obtained at different measurement sites. In some
examples, the first amount of measurement data is associ-
ated with actual measurements of the measurement sites on
the surface of an actual product wafer (e.g., wafer 140). The
measurement data includes spectral measurements associ-
ated with the single pattern metrology target and the multiple
pattern metrology target associated with each measurement
site. In some other examples, the first amount of measure-
ment data is associated with simulations of measurements of
the measurement sites on the surface of a semiconductor
wafer (e.g., wafer 140). Similarly, the measurement data
includes simulated spectral measurements associated with
the single pattern metrology target and the multiple pattern
metrology target associated with each measurement site.

Although, in some examples, the measurement data is
spectral measurement data, in general, the measurement data
may be any measurement data indicative of the structural or
geometric properties of the structures patterned onto the
surface of a semiconductor wafer.

In block 102, at least one structural parameter value
associated with each of the first plurality of measurement
sites is determined based on the first amount of measurement
data and a combined measurement model. At least one
model parameter characterizing the single patterned metrol-
ogy target is linked to at least model parameter character-
izing the multiple patterned metrology target in the com-
bined measurement model. For example, underlying layers
(e.g., oxide base layers of a semiconductor material stack on
a semiconductor wafer) are assumed to be uniformly thick
over a limited, local area of the wafer surface. Thus, the
thickness of the underlying layer in the combined model of
both the first metrology target and the second metrology
target are assumed to be the same value. In another example,
the etch conditions over a limited local area of the wafer
surface are assumed to be uniform, thus, the resulting
sidewall angle of patterned features within the limited, local
area (i.e., the first and second metrology targets) are
assumed to be the same. The value of the structural param-
eter is indicative of a geometric error induced by the
multiple patterning process. In some examples, the structural
parameter values are calculated directly from the model. In
some other examples, the structural parameter values are
determined by fitting the model to the measurement data. In
one example, the combined model is used to calculate
spectra from candidate structural parameter values. These
results are compared with the measured spectra. This pro-
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cess is iterated until the spectral difference is minimized for
optimal values of the structural parameters.

In block 103, the structural parameter value is stored in a
memory (e.g., memory 332).

In a further aspect, the combined measurement model is
formulated based on measurement data from metrology
targets having known structural parameter values. More
specifically, a structural parameter value (e.g., critical
dimension, trench depth, sidewall angle, etc.) associated
with the single patterned metrology target generated by the
first patterning step and a structural parameter value asso-
ciated with the multiple patterned metrology target gener-
ated by a subsequent patterning step are known. In some
embodiments, the metrology targets are simulated and the
structural parameter values of both metrology targets are
calculated as a result of the simulation. In some other
embodiments, the metrology targets are actually manufac-
tured and measured by a reference measurement system, and
the structural parameter values are determined by the refer-
ence measurement system.

In some examples, the combined measurement model
predicts the measured optical signals based on a multi-target
model that characterizes the interaction of both the single
patterned and multiple patterned metrology targets with the
particular metrology system.

FIG. 3 illustrates a method 110 suitable for implementa-
tion by a metrology system such as metrology system 300
illustrated in FIG. 9 of the present invention. In one aspect,
it is recognized that data processing blocks of method 110
may be carried out via a pre-programmed algorithm
executed by one or more processors of computing system
330, or any other general purpose computing system. It is
recognized herein that the particular structural aspects of
metrology system 300 do not represent limitations and
should be interpreted as illustrative only.

In block 111, a second amount of measurement data
associated with measurements of a second plurality of
measurement sites are received by a computing system (e.g.,
computing system 330). Each of the second plurality of
measurement sites includes a single patterned metrology
target having a first grating pitch generated by a first
patterning step of a multiple patterning process and a
multiple patterned metrology target having a second grating
pitch generated by the first patterning step and a subsequent
patterning step of the multiple patterning process. At least
one structural parameter value characterizing the single
patterned metrology target and at least one structural param-
eter value characterizing the multiple patterned metrology
target are known at each of the second plurality of measure-
ment sites.

FIG. 5 depicts a semiconductor wafer 130 having a
number of die (e.g., die 133) located at various measurement
sites over the surface of the wafer. In the embodiment
depicted in FIG. 5, the die are located at measurement sites
arranged in a rectangular grid pattern in alignment with the
depicted x and y coordinate frame 138. Each die includes a
single patterned metrology target (e.g., single patterned
metrology target 136) and a multiple patterned metrology
target (e.g., multiple patterned metrology target 137). In the
embodiment depicted in FIG. 5, each single patterned
metrology target includes a set of lines (e.g., the set of lines
including line 131) that result from a first patterning step.
Each multiple patterned metrology target includes the set of
lines that result from the first patterning step along with at
least one more set of interposed lines (e.g., the set of lines
that include line 142) that result from a subsequent step in
the multiple patterning process. As a result, each single
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patterned metrology target includes a grating structure hav-
ing a repeated pattern of trench structures such as single
patterned unit cell 134. Similarly, each multiple patterned
metrology target includes a grating structure having a
repeated pattern of trench structures such as multiple pat-
terned unit cell 135.

The geometry of single patterned unit cell 134 is charac-
terized by a critical dimension of the trench structure (CD1)
and a depth of the trench structure (TD1), similar to single
patterned unit cell 144 depicted in FIG. 7A. The geometry
of multiple patterned unit cell 135 is characterized by a
critical dimension of the trench structure (CD2) and a depth
of the trench structure (TD2), similar to multiple patterned
unit cell 145 depicted in FIG. 7B.

Wafer 130 includes an array of die having different,
known structural parameter values. Thus, CD1, CD2, TD1,
and TD2 have different, known values depending on their
location on the wafer 130. In this manner, wafer 130 can be
considered a Design of Experiments (DOE) wafer. It is
desirable for the DOE wafer to include a matrix of single
patterned and multiple patterned metrology targets that span
the full range of structural parameter values (e.g., CD1,
TD1, CD2, TD2) that are expected to arise from the under-
lying process window. As depicted in FIG. 5, the values of
CD1 change while the values of CD2 remain constant for
different columns of die (columns index in the x-direction).
Conversely, the values of CD1 remain constant while the
values of CD2 change for different rows of die (rows index
in the y-direction). In this manner, wafer 130 includes a
matrix of die that include different values of CD1 and CD2
depending on their location in the matrix. Moreover, the
values of CD1 and CD2 range over the the values of CD1
and CD2 that are expected to arise from the process window.

In some examples, the second amount of measurement
data includes two ellipsometric parameters (W,A) over a
spectral range obtained at different measurement sites. In
some examples, the second amount of measurement data is
associated with actual measurements of the measurement
sites on the surface of a DOE wafer (e.g., wafer 130). The
measurement data includes spectral measurements associ-
ated with the single pattern metrology target and the multiple
pattern metrology target associated with each measurement
site. In some other examples, the second amount of mea-
surement data is associated with simulations of measure-
ments of the measurement sites on the surface of a DOE
wafer (e.g., wafer 130). Similarly, the measurement data
includes simulated spectral measurements associated with
the single pattern metrology target and the multiple pattern
metrology target associated with each measurement site.

Although, in some examples, the measurement data is
spectral measurement data, in general, the measurement data
may be any measurement data indicative of the structural or
geometric properties of the structures patterned onto the
surface of a semiconductor wafer.

In block 112, a multi-target model is determined such that
the multi-target model captures geometric features of the
single patterned metrology target and the multiple patterned
metrology target.

The multi-target model includes a parameterization of
both the single patterned and multiple patterned metrology
targets in terms of the physical properties of each metrology
target of interest (e.g., film thicknesses, critical dimensions,
refractive indices, grating pitch, etc.). In addition, the model
includes a parameterization of the measurement tool itself
(e.g., wavelengths, angles of incidence, polarization angles,
etc.). In addition, simulation approximations (e.g., slabbing,
Rigorous Coupled Wave Analysis (RCWA), etc.) are care-
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fully performed to avoid introducing excessively large
errors. Discretization and RCWA parameters are defined.

Machine parameters (P,,,..:..) are parameters used to
characterize the metrology tool itself. Exemplary machine
parameters include angle of incidence (AOI), analyzer angle
(Ay), polarizer angle (P,), illumination wavelength, numeri-
cal aperture (NA), etc. Specimen parameters (P, ;) are
parameters used to characterize the geometric and material
properties of the specimen. For a thin film specimen, exem-
plary specimen parameters include refractive index, dielec-
tric function tensor, nominal layer thickness of all layers,
layer sequence, etc.

In many examples, the model parameters are highly
correlated, particularly between metrology targets associ-
ated with different patterning steps of a multiple patterning
process. This can lead to instability of the multi-target
model. To address this issue, structural parameter values that
capture geometric features of the single patterned metrology
target generated by the first patterning step of the multiple
patterning process and structural parameter values that cap-
ture geometric features of the multiple patterned metrology
target generated by the a subsequent patterning step of the
multiple patterning process are linked in the combined target
model. For example, underlying layers (e.g., oxide base
layers of a semiconductor material stack on a semiconductor
wafer) are assumed to be uniformly thick over a limited,
local area of the wafer surface. Thus, the thickness of the
underlying layer in the combined model of both the first
metrology target and the second metrology target are
assumed to be the same value. In another example, the etch
conditions over a limited local area of the wafer surface are
assumed to be uniform, thus, the resulting sidewall angle of
patterned features within the limited, local area (i.e., the first
and second metrology targets) are assumed to be the same.

In another example, the multi-target model includes mul-
tiple, different metrology targets, linking the common
parameters among them. This helps to reduce correlations,
increase sensitivity, and increase robustness to large process
variations.

In block 113, the multi-target model is trained based on
the second amount of measurement data and the known
structural parameter values. A series of simulations, analy-
sis, and regressions are performed to refine the multi-target
model and determine which model parameters to float.

In block 114, a first library of measurement data is
generated based on simulations of the trained multi-target
model for a range of structural parameter values associated
with the single patterned metrology target. Similarly, a
second library of measurement data is generated based on
simulations of the trained multi-target model for a range of
structural parameter values associated with the multiple
patterned metrology target. In some examples, a library of
synthetic spectra is generated based on simulations of the
multi-target model for a range of known values of at least
one structural parameter of interest (e.g., CD1, CD2, TD1,
and TD2).

In block 115, the first and second libraries of measurement
values are stored in a memory (e.g., memory 332).

For measurement purposes, the machine parameters of the
multi-target model are treated as known, fixed parameters
and the specimen parameters of the multi-target model, or a
subset of specimen parameters, are treated as unknown,
floating parameters. The floating parameters are resolved by
a fitting process (e.g., regression, library matching, etc.) that
produces the best fit between theoretical predictions and
measured data. The unknown specimen parameters,
P are varied and the model output values are calcu-

specimen?
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lated until a set of specimen parameter values are deter-
mined that results in a close match between the model output
values and the measured values.

In this manner, at least one structural parameter value
indicative of the geometric error induced by the multiple
patterning process is determined by fitting the first amount
of measurement data to the multi-target model. In some
examples, the fitting is based at least in part on the first and
second measurement libraries.

In some other examples, the combined measurement
model of the single pattern and multiple pattern metrology
targets is generated based on raw measurement data (e.g.,
spectra) only. In this manner, the errors and approximations
associated with a detailed geometric model are reduced.

In one further aspect, the combined measurement model
is created based only on training data (e.g., simulated spectra
or spectra collected from a Design of Experiments (DOE)
wafer) collected from measurement sites including single
pattern and multiple pattern metrology targets (simulated or
actual).

FIG. 4 illustrates a method 120 suitable for implementa-
tion by a metrology system such as metrology system 300
illustrated in FIG. 9 of the present invention. In one aspect,
it is recognized that data processing blocks of method 120
may be carried out via a pre-programmed algorithm
executed by one or more processors of computing system
330, or any other general purpose computing system. It is
recognized herein that the particular structural aspects of
metrology system 300 do not represent limitations and
should be interpreted as illustrative only.

In block 121, a second amount of measurement data
associated with measurements of a second plurality of
measurement sites are received by a computing system (e.g.,
computing system 330). Each of the second plurality of
measurement sites includes a single patterned metrology
target having a first grating pitch generated by a first
patterning step of a multiple patterning process and a
multiple patterned metrology target having a second grating
pitch generated by the first patterning step and a subsequent
patterning step of the multiple patterning process. At least
one structural parameter value characterizing the single
patterned metrology target and at least one structural param-
eter value characterizing the multiple patterned metrology
target are known at each of the second plurality of measure-
ment sites.

In some examples, the second amount of measurement
data is associated with measurements of the second plurality
of measurement sites on a Design of Experiments (DOE)
wafer and the at least one structural parameter value char-
acterizing the first metrology target and the second metrol-
ogy target is measured by a reference measurement system
at each of the second plurality of measurement sites. The
reference metrology system is a trusted metrology system
such as a Scanning Electron Microscope (SEM), Tunneling
electron Microscope (TEM), Atomic Force Microscope
(AFM), or x-ray measurement system that is able to accu-
rately measure the structural parameter value.

In some embodiments, structural parameter variations are
organized in a Design of Experiments (DOE) pattern on the
surface of a semiconductor wafer (e.g., DOE wafer), for
example, as described herein with reference to FIG. 5. In this
manner, the measurement system interrogates different loca-
tions on the wafer surface that correspond with different
structural parameter values. In the example described with
reference to FIG. 5, the measurement data is associated with
a DOE wafer processed with known variations in CD1 and
CD2. However, in general, measurement data associated
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with any known variation of process parameters, structural
parameter, or both, may be contemplated.

For purposes of model training, additional measurement
data may be acquired from other locations with known
perturbations in the design parameters, e.g., structure or
process parameters. These locations, for example, may be in
the scribe line, on-device, or may be at other locations on the
wafer where, for example, lithographic exposure conditions
or reticle design characteristics vary over a range of values.
In another example, measurement data may be acquired
from different device locations (e.g., a location with dense
features and a location with isolated features, or locations
with two different CDs on mask). In general, the measure-
ment data is acquired from different locations that are
perturbed in a known way. The perturbation may be known
from mask data, Equipment Data Acquisition (EDA) data,
process data, etc.

The set of systematic variations is commonly termed a
design of experiments (DOE). In one example, any of focus,
exposure, and overlay are varied systematically across the
device or the wafer. In another example, a randomized Focus
and Exposure Matrix (FEM) is employed to reduce corre-
lation with underlayer parameters as described in U.S. Pat.
No. 8,142,966 to Izikson et al., the entirety of which is
incorporated herein by reference.

In a preferred embodiment, the set of systematic varia-
tions is implemented in the fabrication of an actual DOE
wafer. The DOE wafer is subsequently measured to generate
the measurement data received in block 121. A manufac-
tured wafer includes systematic errors which cannot be
easily modeled by simulation. For example, the effect of
underlayers is more accurately captured by measurements of
a real wafer. The underlayer contribution can be decorrelated
from the measurement responses by modifying process
parameters during manufacture, e.g., focus and exposure
variations, for a fixed underlayer condition. In another
example, the underlayer contribution can be mitigated by
taking multiple data sets from features with varying top
layer topography and constant underlayer conditions. In one
example, the top layer may include a periodic structure and
the underlayer may be non-periodic.

Measurement locations may be selected to increase mea-
surement sensitivity. In one example, measurements per-
formed at line ends are most sensitive to changes in focus.
In general, measurements should be taken at structures that
are most sensitive to changes in the parameter to be mea-
sured.

Although it is preferred to perform actual measurements
of DOE wafers, in some other examples the measurement
response of a DOE wafer for different, known structural
parameter values may be simulated. In these examples, the
measurement data received in block 121 is synthetically
generated. For example, a process simulator such as the
Positive Resist Optical Lithography (PROLITH) simulation
software available from KLLA-Tencor Corporation, Milpitas,
Calif. (USA) may be employed. In general, any process
modeling technique or tool may be contemplated within the
scope of this patent document (e.g., Coventor simulation
software available from Coventor, Inc., Cary, N.C., USA).

In block 122, one or more features of the second amount
of measurement data is extracted by reducing a dimension of
the second amount of measurement data. Although, this
block is optional, when it is employed, the input-output
measurement model is determined based at least in part on
the one or more extracted features.

In general, the dimension of the second amount of mea-
surement data may be reduced by a number of known
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methods, including a principal components analysis, a non-
linear principal components analysis, a selection of indi-
vidual signals from the second amount of measurement data,
and a filtering of the second amount of measurement data.

In some examples, the measurement data is analyzed
using Principal Components Analysis (PCA), or non-linear
PCA, to extract features that most strongly reflect the
variations in process parameter, structural parameters, or
both, that are present at the different measurement sites. In
some other examples, a signal filtering technique may be
applied to extract signal data that most strongly reflects the
parameter variations present at the different measurement
sites. In some other examples, individual signals that most
strongly reflect the parameter variations present at the dif-
ferent measurement sites may be selected from multiple
signals present in the measurement data. Although, it is
preferred to extract features from the measurement data to
reduce the dimension of data subject to subsequent analysis,
it is not strictly necessary. In this sense, block 122 is
optional.

In block 123, the input-output measurement model is
determined based at least in part on the second amount of
measurement data.

An input-output measurement model is determined based
on features extracted from the measurement data, or alter-
natively, directly from the measurement data. The input-
output measurement model is structured to receive measure-
ment data generated by a metrology system at one or more
measurement sites, and directly determine structural param-
eter values associated with each measurement target. In a
preferred embodiment, the input-output measurement model
is implemented as a neural network model. In one example,
the number of nodes of the neural network is selected based
on the features extracted from the measurement data. In
other examples, the input-output measurement model may
be implemented as a polynomial model, a response surface
model, or other types of models.

In block 124, the input-output measurement model is
trained based on known structural parameter values. In some
examples, the trained input-output measurement model is
generated using DOE measurement data and known struc-
tural parameter values. The model is trained such that its
output fits the defined expected response for all the spectra
in the process variation space defined by the DOE spectra.

In some examples, the trained, input-output model is used
to calculate structure parameter values directly from mea-
sured data (e.g., spectra) collected from actual device struc-
tures of other wafers (e.g., product wafers) as described
herein with reference to method 100. In this manner, only
spectra acquired from known samples or synthetically gen-
erated spectra is required to create a measurement model and
to perform measurements using the model. A combined
measurement model formulated in this manner receives
measurement data (e.g., measured spectra) directly as input
and provides structure parameter values as output, and is
thus, a trained input-output model.

Additional details related to model generation, training,
and utilization as part of the measurement process are
described in U.S. Pat. No. 8,843,875 to Pandev, U.S. Patent
Publication No. 2014/0297211 by Pandev et al., and U.S.
Patent Publication No. 2014/0316730 by Shchegrov et al.,
the entirety of each are incorporated herein by reference.

FIGS. 8A-8D illustrate plots 150-153, respectively, dem-
onstrating the results of measuring CD1, CD2, TD1, and
TD2, respectively. DOE spectra were generated syntheti-
cally for different values of CD1, CD2, TD1, and TD2 in the
presence of variations of other geometric parameter values.
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FIG. 8A illustrates the model fit of the predicted CD1 value
in nanometers to the actual CD1 value used to generate the
synthetic spectra. FIG. 8B illustrates the model fit of the
predicted CD2 value in nanometers to the actual CD2 value
used to generate the synthetic spectra. FIG. 8C illustrates the
model fit of the predicted TD1 value in nanometers to the
actual TD1 value used to generate the synthetic spectra. FIG.
8D illustrates the model fit of the predicted TD2 value in
nanometers to the actual TD2 value used to generate the
synthetic spectra. As illustrated, the sigma values associated
with the residual errors are less than 0.1 nanometers in
magnitude.

FIG. 9 illustrates a system 300 for measuring character-
istics of a specimen in accordance with the exemplary
methods presented herein. As shown in FIG. 9, the system
300 may be used to perform spectroscopic ellipsometry
measurements of one or more structures of a specimen 301.
In this aspect, the system 300 may include a spectroscopic
ellipsometer equipped with an illuminator 302 and a spec-
trometer 304. The illuminator 302 of the system 300 is
configured to generate and direct illumination of a selected
wavelength range (e.g., 150-2000 nm) to the structure dis-
posed on the surface of the specimen 301. In turn, the
spectrometer 304 is configured to receive illumination
reflected from the surface of the specimen 301. It is further
noted that the light emerging from the illuminator 302 is
polarized using a polarization state generator 307 to produce
a polarized illumination beam 306. The radiation reflected
by the structure disposed on the specimen 301 is passed
through a polarization state analyzer 309 and to the spec-
trometer 304. The radiation received by the spectrometer
304 in the collection beam 308 is analyzed with regard to
polarization state, allowing for spectral analysis by the
spectrometer of radiation passed by the analyzer. These
spectra 311 are passed to the computing system 330 for
analysis of the structure.

As depicted in FIG. 9, system 300 includes a single
measurement technology (i.e., SE). However, in general,
system 300 may include any number of different measure-
ment technologies. By way of non-limiting example, system
300 may be configured as a spectroscopic ellipsometer
(including Mueller matrix ellipsometry), a spectroscopic
reflectometer, a spectroscopic scatterometer, an overlay scat-
terometer, an angular resolved beam profile reflectometer, a
polarization resolved beam profile reflectometer, a beam
profile reflectometer, a beam profile ellipsometer, any single
or multiple wavelength ellipsometer, or any combination
thereof. Furthermore, in general, measurement data col-
lected by different measurement technologies and analyzed
in accordance with the methods described herein may be
collected from multiple tools, rather than one tool integrat-
ing multiple technologies.

In a further embodiment, system 300 may include one or
more computing systems 330 employed to perform mea-
surements based on measurement models developed in
accordance with the methods described herein. The one or
more computing systems 330 may be communicatively
coupled to the spectrometer 304. In one aspect, the one or
more computing systems 330 are configured to receive
measurement data 311 associated with measurements of the
structure of specimen 301.

It should be recognized that the various steps described
throughout the present disclosure may be carried out by a
single computer system 330 or, alternatively, a multiple
computer system 330. Moreover, different subsystems of the
system 300, such as the spectroscopic ellipsometer 304, may
include a computer system suitable for carrying out at least
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a portion of the steps described herein. Therefore, the
aforementioned description should not be interpreted as a
limitation on the present invention but merely an illustration.
Further, the one or more computing systems 330 may be
configured to perform any other step(s) of any of the method
embodiments described herein.

In addition, the computer system 330 may be communi-
catively coupled to the spectrometer 304 in any manner
known in the art. For example, the one or more computing
systems 330 may be coupled to computing systems associ-
ated with the spectrometer 304. In another example, the
spectrometer 304 may be controlled directly by a single
computer system coupled to computer system 330.

The computer system 330 of the metrology system 300
may be configured to receive and/or acquire data or infor-
mation from the subsystems of the system (e.g., spectrom-
eter 304 and the like) by a transmission medium that may
include wireline and/or wireless portions. In this manner, the
transmission medium may serve as a data link between the
computer system 330 and other subsystems of the system
300.

Computer system 330 of the integrated metrology system
300 may be configured to receive and/or acquire data or
information (e.g., measurement results, modeling inputs,
modeling results, etc.) from other systems by a transmission
medium that may include wireline and/or wireless portions.
In this manner, the transmission medium may serve as a data
link between the computer system 330 and other systems
(e.g., memory on-board metrology system 300, external
memory, reference measurement source 320, or other exter-
nal systems). For example, the computing system 330 may
be configured to receive measurement data from a storage
medium (i.e., memory 332 or an external memory) via a data
link. For instance, spectral results obtained using spectrom-
eter 304 may be stored in a permanent or semi-permanent
memory device (e.g., memory 332 or an external memory).
In this regard, the spectral results may be imported from
on-board memory or from an external memory system.
Moreover, the computer system 330 may send data to other
systems via a transmission medium. For instance, a com-
bined measurement model or a structural parameter value
340 determined by computer system 330 may be commu-
nicated and stored in an external memory. In this regard,
measurement results may be exported to another system.

Computing system 330 may include, but is not limited to,
a personal computer system, mainframe computer system,
workstation, image computer, parallel processor, or any
other device known in the art. In general, the term “com-
puting system” may be broadly defined to encompass any
device having one or more processors, which execute
instructions from a memory medium.

Program instructions 334 implementing methods such as
those described herein may be transmitted over a transmis-
sion medium such as a wire, cable, or wireless transmission
link. For example, as illustrated in FIG. 12, program instruc-
tions 334 stored in memory 332 are transmitted to processor
331 over bus 333. Program instructions 334 are stored in a
computer readable medium (e.g., memory 332). Exemplary
computer-readable media include read-only memory, a ran-
dom access memory, a magnetic or optical disk, or a
magnetic tape.

FIG. 10 depicts a patterned layer 161 disposed over an
underlayer 160 of a semiconductor wafer. In the depicted
embodiment, the patterned layer 161 is a grating structure
having uniform pitch. In addition, oblique illumination light
162 is incident on patterned layer 161, and light 163 is
diffracted from patterned layer 161. When the grating struc-
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ture of patterned layer 161 is perfectly uniform, as depicted
in FIG. 10, the light diffracted from patterned layer 161 is
zero order diffracted light only. Thus, for an ideal structure
constructed by a multiple patterning process (ACD=0 and
pitch walk=0), only 0% diffraction order is present for all
angles of incidence and wavelengths available for optical
scatterometry.

FIG. 11 depicts a patterned layer 171 disposed over an
underlayer 170 of a semiconductor wafer. In the depicted
embodiment, the patterned layer 171 is a grating structure
having non-uniform pitch. In addition, oblique illumination
light 172 is incident on patterned layer 171. When the
grating structure of patterned layer 171 is non-uniform, as
depicted in FIG. 11, the light diffracted from patterned layer
171 includes multiple diffraction orders. Multiple patterning
errors create grating patterns having non-uniform pitch.
Hence, the effective unit cell of these patterns is much larger
as well as the structure period. This enables higher diffrac-
tion orders (e.g., first order or negative first order) to become
propagating. As depicted in FIG. 11, the light diffracted from
non-uniform patterned layer 171 includes zero order dif-
fracted light 173 and first order diffracted light 174. Depend-
ing on the sign convention employed, first order diffracted
light 174 may be considered diffracted light having a grating
order of one or negative one.

Typical semiconductor metrology, such as spectroscopic
ellipsometry, involves the collection and analysis of zero
order diffracted light. However, in another aspect, diffracted
light having a diffraction order different from zero is col-
lected and analyzed to determine the value of at least one
structural parameter that is indicative of a geometric error
induced by a multiple patterning process. In some embodi-
ments, a single diffraction order different from zero (e.g., -1
or 1) is collected and analyzed to determine the value of at
least one structural parameter that is indicative of a geomet-
ric error induced by a multiple patterning process.

The relation between the angle of incidence and the Oth
order angle is given by equation (1), where 6, is the angle
of incidence of the illumination light and 6, is the angle of
the Oth order.

0400

M

The numerical aperture of the —1% order is related to the
numerical aperture of the 0% order, the wavelength of the
illumination light, A, and the pitch of the grating structure,
P, as given by equation (2).

A @
NA_15 = NAoy, — F

FIG. 12 illustrates a plot 180 of the resulting angles of
diffraction associated with -1* order diffraction from a
grating having a 80 nanometer pitch for a range of angles of
incidence. Plotline 181 is associated with illumination light
having a wavelength of 150 nanometers. Plotline 182 is
associated with illumination light having a wavelength of
155 nanometers. Plotline 183 is associated with illumination
light having a wavelength of 158 nanometers.

FIG. 13 illustrates a plot 190 of the resulting angles of
diffraction associated with —1* order diffraction from a
grating having a 90 nanometer pitch for a range of angles of
incidence. Plotline 191 is associated with illumination light
having a wavelength of 170 nanometers. Plotline 192 is
associated with illumination light having a wavelength of
175 nanometers. Plotline 193 is associated with illumination
light having a wavelength of 178 nanometers.
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FIG. 14 illustrates a plot 200 of the resulting angles of
diffraction associated with —1* order diffraction from a
grating having a 100 nanometer pitch for a range of angles
of incidence. Plotline 201 is associated with illumination
light having a wavelength of 180 nanometers. Plotline 202
is associated with illumination light having a wavelength of
190 nanometers. Plotline 203 is associated with illumination
light having a wavelength of 195 nanometers.

FIG. 15 illustrates a plot 210 of the resulting angles of
diffraction associated with -1 order diffraction from a
grating having a 120 nanometer pitch for a range of angles
of incidence. Plotline 211 is associated with illumination
light having a wavelength of 190 nanometers. Plotline 212
is associated with illumination light having a wavelength of
215 nanometers. Plotline 213 is associated with illumination
light having a wavelength of 230 nanometers.

As illustrated by FIGS. 12-15, optical scatterometry sys-
tems operating at relatively high numerical aperture (e.g.,
NA=0.9) with illumination wavelengths down to 170 nano-
meters are able to detect pitch walk at a 90 nanometer
fundamental pitch over a broad range of diffraction angles
associated with the —1°* diffraction order. Similarly, optical
scatterometry systems operating at relatively high numerical
aperture (e.g., NA=0.9) with illumination wavelengths down
to 150 nanometers are able to detect pitch walk at a 80
nanometer fundamental pitch over a broad range of diffrac-
tion angles associated with the —1° diffraction order.

FIG. 16 illustrates a plot 220 of the resulting angles of
diffraction associated with —1* order diffraction for a fixed
angle of incidence (70 degrees) over a range of illumination
wavelengths. Plotline 221 is associated with a grating hav-
ing a pitch of 120 nanometers. Plotline 222 is associated
with a grating having a pitch of 105 nanometers. Plotline
223 is associated with a grating having a pitch of 90
nanometers.

As illustrated by FIG. 16, the —1°* diffraction order can be
detected in an oblique-angle spectroscopic system such as
the Aleris® family of metrology tools available from KL A-
Tencor Corporation, Milpitas, Calif. (USA).

FIG. 17 illustrates a method 400 suitable for implemen-
tation by a metrology system such as metrology systems
500, 600, and 700 illustrated in FIGS. 18, 19, and 20,
respectively, of the present invention. In one aspect, it is
recognized that data processing blocks of method 400 may
be carried out via a pre-programmed algorithm executed by
one or more processors of computing system 330, or any
other general purpose computing system. It is recognized
herein that the particular structural aspects of metrology
systems 500, 600, and 700 do not represent limitations and
should be interpreted as illustrative only.

In block 401, a measurement site on a surface of a
semiconductor wafer is illuminated. The measurement site
includes a metrology target having a nominal grating pitch
generated by a multiple patterning process. In some embodi-
ments, illumination light having multiple, different wave-
lengths is provided to the measurement site. In some
embodiments, illumination light is provided to the measure-
ment site at multiple, different angles of incidence. By
providing illumination light at multiple wavelengths and
angles of incidence, measurement sensitivity to pitch walk
and variation in critical dimensions (e.g., ACD) is improved.

In some embodiments, the metrology target has a different
pitch than a corresponding nominal device structure. For
example, if the metrology system lacks sufficient sensitivity
to errors induced by multiple patterning (e.g., pitch walk,
critical dimension variation, etc.) the pitch of a correspond-
ing metrology target may be selected to be larger by a known
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amount. The pitch of the metrology target is selected to be
well within the sensitivity range of the metrology tool. In
this manner, the metrology target functions as a proxy for the
nominal device structure.

In some embodiments, the metrology target has a nominal
grating structure that includes variations in pitch. However,
a corresponding nominal device structure has a nominal
grating structure with uniform pitch. As described herein-
before, gratings having perfectly uniform pitch will exhibit
zero order diffraction, but will not exhibit higher order
diffraction. In some embodiments, the metrology system is
configured to detect higher order diffraction (e.g., the —1*
order), but light diffracted at zero order will fall outside of
the collection pupil. Hence, the metrology system will be
effectively blind to metrology targets exhibiting perfectly
uniform pitch, and will have limited sensitivity to metrology
targets exhibiting relatively variations in pitch. Thus, in
some embodiments, it is desirable to introduce known
variations in the pitch of the metrology target when the pitch
of the corresponding nominal device structure is perfectly
uniform. In this manner, higher order diffraction will occur
from the metrology target even when the corresponding
device structure is perfectly constructed (i.e., exhibiting
uniform pitch). In this manner, the response of the metrology
system to the known variations in the pitch of the metrology
target will be indicative of the pitch uniformity of corre-
sponding device structures.

FIG. 24 illustrates a nominal device structure 260 gener-
ated by two patterning steps. As depicted in FIG. 24, a first
set of trenches, denoted with the numeral 1, are fabricated as
part of a first patterning step. In the depicted embodiment,
this results in a grating having a pitch equal to 2*P,. In a
subsequent patterning step, a second set of trenches, denoted
with the numeral 2, are fabricated. In the depicted example,
the patterning steps are performed perfectly, and the result-
ing pitch of the grating structure is uniform, and equal to P,,.

FIG. 25 illustrates a metrology target 270 that corresponds
to the nominal device structure 260. In other words, metrol-
ogy target 270 acts as an assist structure, or proxy structure
designed to facilitate, or substitute for the measurement of
the device structure 260. Measured parameters of metrology
target 270 are indicative of corresponding parameters of the
device structure 260. In one further aspect, metrology target
270 is designed with a relatively large variation in pitch to
enhance measurement sensitivity based on measurements of
light diffracted at orders different from zero order. As
depicted in FIG. 25, a first set of trenches, denoted with the
numeral 1, are fabricated as part of the first patterning step.
In the depicted embodiment, this results in a grating having
a pitch equal to P,+P,. In a subsequent patterning step, a
second set of trenches, denoted with the numeral 2, are
fabricated. In the depicted example, the patterning steps are
performed perfectly, and the resulting pitch of the grating
structure is non-uniform, and includes two different pitches,
P, and P,.

In some other embodiments, the metrology target has a
nominal grating structure with uniform pitch (i.e., a per-
fectly constructed metrology target has uniform pitch), and
a corresponding nominal device structure also has a nominal
grating structure with uniform pitch. As described herein-
before, gratings having perfectly uniform pitch will exhibit
zero order diffraction, but will not exhibit higher order
diffraction. In some embodiments, the metrology system is
configured to detect higher order diffraction (e.g., the —=1%
order), but light diffracted at zero order will fall outside of
the collection pupil. Hence, the metrology system will be
blind to metrology targets exhibiting perfectly uniform
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pitch. Thus, in some embodiments, it is desirable to intro-
duce a known offset into the overlay associated with the
metrology target compared to the overlay associated with
the corresponding nominal device structure. In this manner,
higher order diffraction will occur from the metrology target
due to the offset in overlay even when the corresponding
nominal device structure is perfectly constructed (i.e., using
the correct nominal overlay). In this manner, the response of
the metrology system to the known offset in overlay asso-
ciated with the metrology target will be indicative of the
pitch uniformity of corresponding nominal device struc-
tures.

In general, either, or both, the metrology targets and the
nominal device structures may be located in a scribe line of
a semiconductor wafer or within a functional die area of the
semiconductor wafer.

In block 402, an amount of light diffracted from the
illuminated measurement site at a diffraction order that is
different from the zero diffraction order is detected. In some
embodiments, the light diffracted from the illuminated mea-
surement site includes multiple, different wavelengths. In
some embodiments, the light diffracted from the illuminated
measurement site is collected at multiple, different collec-
tion angles. By detecting diffracted light at multiple wave-
lengths and angles of collection, measurement sensitivity to
pitch walk and variation in critical dimensions (e.g., ACD)
is improved. In some embodiments, the light diffracted from
the illuminated measurement site is collected at multiple,
different azimuthal angles. These out-of-plane measure-
ments may also improve measurement sensitivity to pitch
walk and variations in critical dimensions.

In block 403, at least one structural parameter value
indicative of a geometric error induced by the multiple
patterning process is determined based on the amount of
detected light.

In some embodiments, a direct analysis of the detected
light will indicate the geometric errors induced by multiple
patterning. For example, evaluating the signal intensity at
different locations on the detector will indicate the presence
of multiple, different pitches, and their magnitude. In some
examples, nothing is detected, and thus, one can assume that
all of the light is diffracted at zero order, and thus, perfectly
uniform pitch has been achieved.

In some other embodiments, a model based analysis of the
detected light is employed to predict the values of structural
parameters that indicate the geometric errors induced by
multiple patterning. For example, the model based methods
described herein may be employed to analyze diffraction
measurements at diffraction orders different from the zero
diffraction order.

In block 404, the at least one structural parameter value is
stored in a memory (e.g., memory 332).

FIG. 18 illustrates a metrology system 500 for measuring
characteristics of a specimen in accordance with the exem-
plary methods presented herein. Metrology system 500
includes like numbered elements described with reference to
FIG. 9. However, in addition, metrology system 500
includes a detector 312 located on the same side as the
illumination. Detector 312 is configured to collect light 313
diffracted from measurement site 310 at the —1° diffraction
order. Signals 314 indicative of the light detected by detector
312 are communicated to computing system 330 for analy-
sis. As such, system 500 is configured to provide oblique
illumination to one or more structures of a specimen 301 and
detect light diffracted from specimen 301 at the —1* diffrac-
tion order.
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FIG. 19 illustrates a metrology system 600 for measuring
characteristics of a specimen in accordance with the exem-
plary methods presented herein. Metrology system 600
includes like numbered elements described with reference to
FIGS. 9 and 18. However, metrology system 600 is config-
ured to collect light diffracted from the specimen 301 at the
same angle as the illumination. Metrology system 600
includes a beam splitter 315 configured to redirect collected
light 313 diffracted from measurement site 310 toward
detector 312 and out of the beam path of illumination light
306. Detector 312 is configured to collect light 313 dif-
fracted from measurement site 310 at the -1 diffraction
order. Signals 314 indicative of the light detected by detector
312 are communicated to computing system 330 for analy-
sis. As such, system 600 is configured to provide oblique
illumination to one or more structures of a specimen 301 and
detect light diffracted from specimen 301 at the —1%* diffrac-
tion order.

FIG. 20 illustrates a metrology system 700 for measuring
characteristics of a specimen in accordance with the exem-
plary methods presented herein. Metrology system 700
includes like numbered elements described with reference to
FIG. 9. In one aspect, metrology system 700 includes a
combination of two metrology systems: an oblique illumi-
nation spectroscopic ellipsometry (SE) system and a normal
incidence reflectometer. The SE system includes an illumi-
nation source 302 and an objective 328 that focuses illumi-
nation light 306 onto a measurement site 310 of specimen
301. During normal SE operation, zero order diffracted light
is collected by objective 329 and detected by detector 304.
The reflectometer includes an illumination source 320 and
an objective 324 that focuses illumination light 321 onto
measurement site 310. During normal reflectometer opera-
tion, zero order diffracted light is collected by objective 324,
redirected by beam splitter 322, and detected by detector
326.

In a further aspect, metrology system 700 is configured to
illuminate measurement site 310 with illumination light 306
from the SE system and collect and detect light 331 dif-
fracted at diffraction orders different from zero with the
reflectometer. Similarly, metrology system 700 is configured
to illuminate measurement site 310 with illumination light
321 from the reflectometer and collect and detect light 330
diffracted at diffraction orders different from zero with the
SE system. In this operational mode, signals 327 are indica-
tive of light diffracted from measurement site 310 at higher
orders based on oblique illumination. Similarly, signals 311
are indicative of light diffracted from measurement site 310
at higher orders based on normal incidence illumination.

FIG. 21 illustrates a plot 230 indicating the wavelength of
light diffracted at the first order and collected by detector
326 of the reflectometer for different values of nominal
pitch. The illumination light is provided by the SE system
(i.e., illumination source 302). Using this approach it is
feasible to make measurements of pitch uniformity down to
approximately 120 nanometer nominal pitch. This corre-
sponds to detectable wavelength values around 190 nm.

In another further aspect, multiple patterning errors are
detected based on the presence of Rayleigh anomalies.
Rayleigh anomalies appear when a propagating order goes
evanescent. It is a spectral singularity that often appears as
a sudden transition in a measured spectrum.

In some embodiments, a metrology system (e.g., the
metrology systems described herein) is configured to pro-
vide illumination a multiple wavelengths and collection at
multiple azimuthal angles. The differences in spectral energy
between different azimuthal angles for each of the multiple
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wavelengths are determined. The presence of geometric
errors induced by a multiple patterning process is deter-
mined based on a sudden transition in the differences in
spectral energy between different azimuth angles over a
range of illumination wavelengths.

It is expected that for zero pitch walk, the spectral energy
difference between different azimuthal angles versus wave-
length is relatively flat. However, for non-zero pitch walk,
the spectral energy difference changes significantly below
the 1st order wavelength.

FIG. 22 illustrates a plot 240 indicating the difference in
spectral energy (Rss) between two azimuthal angles (0
degrees and 30 degrees) over a range of wavelengths for the
case of zero pitch walk (plotline 241) and two nanometers of
pitch walk (plotline 242). The metrology target is a periodic
structure of oxide on silicon having a nominal pitch of 90
nanometers. The height of each oxide structure is 100
nanometers and the width of each oxide structure is 20
nanometers. The first order diffraction wavelength is
approximately 171 nanometers. FIG. 22 clearly illustrates
the sudden transition in the difference between the spectral
energies at the different azimuthal angles that occurs at the
first order diffraction wavelength for the structure that
includes pitch walk.

FIG. 23 illustrates a plot 250 indicating the difference in
spectral signals, o (plotline 252), and {3 (plotline 252), for
the cases of zero pitch walk and one nanometer pitch walk
over a range of wavelengths. The metrology target is a
periodic structure of oxide on silicon having a nominal pitch
of 90 nanometers. The height of each oxide structure is 50
nanometers. FIG. 23 clearly illustrates the sudden transition
in the difference between the spectral signals that occurs at
the first order diffraction wavelength when pitch walk is
present.

In some other embodiments, solid immersion techniques
may be employed to include light diffracted at higher order
(i.e., any order different from zero) within the pupil of the
system. In this manner, the same detector may be employed
to detect both zero order diffracted light and higher order
diffracted light, even for systems without a large collection
NA.

In yet another further aspect, short wavelength compo-
nents of the illumination beam are employed to highlight
whether a structure is periodic based on the response of the
structure to short wavelength illumination. Sufficiently short
illumination wavelengths enable the capture of first order
diffraction elements that would otherwise be evanescent. In
general, it is desirable to reduce the wavelengths associated
with the illumination light as much as possible to enhance
measurement sensitivity for small pitch structure. Hence, in
some embodiments, vacuum ultraviolet illumination light
may be desirable.

In some embodiments, it may be desirable to employ
apertures separate collected light according to diffraction
order, i.e. separate “0” and “-1” order in collection. If
illumination and collection modes are such that “0” and
“~1” orders overlap and interfere, it may be desirable to
implement beam scanning over the grating to evaluate fringe
visibility and determine the strength of the 1st order.

In general, detection of higher order diffracted light does
not have to be in the pupil plane; wafer plane measurements
could also be implemented.

In a further aspect, measurement data from multiple
targets is collected for model building, training, and mea-
surement. In some examples, the use of measurement data
associated with multiple targets eliminates, or significantly
reduces, the effect of under layers in the measurement result.
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In one example, measurement signals from two targets are
subtracted to eliminate, or significantly reduce, the effect of
under layers in each measurement result. The use of mea-
surement data associated with multiple targets increases the
sample and process information embedded in the model. In
particular, the use of training data that includes measure-
ments of multiple, different targets at one or more measure-
ment sites enables more accurate measurements.

In one example, a measurement model is created from
spectral measurements of a DOE wafer for both isolated and
dense targets. The measurement model is then trained based
on the spectral measurement data and known structural
parameter values. The resulting trained measurement mod-
els are subsequently employed to calculate structural param-
eter values for both isolated and dense targets on sample
wafers. In this manner, each parameter has its own trained
model that calculates the parameter value from the measured
spectra (or extracted features) associated with both isolated
and dense targets.

In another further aspect, measurement data from both
measurement targets and assist targets that may be found
on-device or within scribe lines is collected for model
building, training, and measurement.

In another further aspect, measurement data derived from
measurements performed by a combination of multiple,
different measurement techniques is collected for model
building, training, and measurement. The use of measure-
ment data associated with multiple, different measurement
techniques increases the sample and process information
embedded in the model and enables more accurate measure-
ments. Measurement data may be derived from measure-
ments performed by any combination of multiple, different
measurement techniques. In this manner, different measure-
ment sites may be measured by multiple, different measure-
ment techniques to enhance the measurement information
available for characterization of the semiconductor struc-
tures.

In general, any measurement technique, or combination of
two or more measurement techniques may be contemplated
within the scope of this patent document. Exemplary mea-
surement techniques include, but are not limited to spectro-
scopic ellipsometry, including Mueller matrix ellipsometry,
spectroscopic reflectometry, spectroscopic scatterometry,
scatterometry overlay, beam profile reflectometry, both
angle-resolved and polarization-resolved, beam profile ellip-
sometry, single or multiple discrete wavelength ellipsom-
etry, transmission small angle x-ray scatterometer (TSAXS),
small angle x-ray scattering (SAXS), grazing incidence
small angle x-ray scattering (GISAXS), wide angle x-ray
scattering (WAXS), x-ray reflectivity (XRR), x-ray diffrac-
tion (XRD), grazing incidence x-ray diffraction (GIXRD),
high resolution x-ray diffraction (HRXRD), x-ray photoelec-
tron spectroscopy (XPS), x-ray fluorescence (XRF), grazing
incidence x-ray fluorescence (GIXRF), low-energy electron
induced x-ray emission scatterometry (LEXES), x-ray
tomography, and x-ray ellipsometry. In general, any metrol-
ogy technique applicable to the characterization of semicon-
ductor structures, including image based metrology tech-
niques, may be contemplated. Additional sensor options
include electrical sensors such as non-contact capacitance/
voltage or current/voltage sensors which bias the device and
detect the resulting bias with an optical sensor (or the
converse), or assisted optical techniques, such as XRD,
XRF, XPS, LEXES, SAXS, and pump probe techniques. In
one embodiment a two-dimensional beam profile reflecto-
meter (pupil imager) may be used to collect both angle
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resolved and/or multi-spectral data in a small spot size. A
UV Linnik interferometer may also be used as a Mueller
matrix spectral pupil imager.

In some examples, the model building, training, and
measurement methods described herein are implemented as
an element of a SpectraShape® optical critical-dimension
metrology system available from KI.A-Tencor Corporation,
Milpitas, Calif., USA. In this manner, the model is created
and ready for use immediately after the DOE wafer spectra
are collected by the system.

In some other examples, the model building and training
methods described herein are implemented oft-line, for
example, by a computing system implementing AcuShape®
software available from KLA-Tencor Corporation, Milpitas,
Calif., USA. The resulting, trained model may be incorpo-
rated as an element of an AcuShape® library that is acces-
sible by a metrology system performing measurements.

In another example, the methods and systems described
herein may be applied to overlay metrology. Grating mea-
surements are particularly relevant to the measurement of
overlay. The objective of overlay metrology is to determine
shifts between different lithographic exposure steps. Per-
forming overlay metrology on-device is difficult due to the
small size of on-device structures, and the typically small
overlay value.

For example, the pitch of typical scribe line overlay
metrology structures varies from 200 nanometers to 2,000
nanometers. But, the pitch of on-device, overlay metrology
structures is typically 100 nanometers or less. In addition, in
a nominal production environment, the device overlay is
only a small fraction of the periodicity of the device struc-
ture. In contrast, proxy metrology structures used in scat-
terometry overlay are frequently offset at larger values, e.g.,
quarter of the pitch, to enhance signal sensitivity to overlay.

Under these conditions, overlay metrology is performed
with sensor architectures having sufficient sensitivity to
small offset, small pitch overlay. The methods and systems
described herein may be employed to obtain a measurement
signal sensitive to overlay based on on-device structures,
proxy structures, or both.

After acquisition, the measured signals are analyzed to
determine overlay error based on variations in the measured
signals. In one further aspect, the spectral or angle-resolved
data is analyzed using PCA, and an overlay model is trained
to determined overlay based on the principal components
detected in the measured signal. In one example, the overlay
model is a neural network model. In this sense, the overlay
model is not a parametric model, and thus is not prone to
errors introduced by inaccurate modeling assumptions. As
described hereinbefore, the training of the overlay metrol-
ogy model based on measurements of dedicated metrology
structures which are nominally identical to the device fea-
tures but with larger offsets can help to overcome the
sensitivity problem. These offsets can be introduced by fixed
design offsets introduced between features in the two layers
to be measured during reticle design. The offsets can also be
introduced by shifts in the lithography exposure. The over-
lay error may be extracted more efficiently from the com-
pressed signal (e.g., PCA signal) by using multiple, shifted
targets (e.g., pitch/4 and -pitch/4) and the effect of the
underlayer may also be reduced.

In general, the methods and systems for performing
semiconductor metrology presented herein may be applied
directly to actual device structures or to dedicated metrology
targets (e.g., proxy structures) located in-die or within scribe
lines.
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In yet another aspect, the measurement model results
described herein can be used to provide active feedback to
a process tool (e.g., lithography tool, etch tool, deposition
tool, etc.). For example, values of the structural parameters
determined using the methods described herein can be
communicated to a lithography tool to adjust the lithography
system to achieve a desired output. In a similar way etch
parameters (e.g., etch time, diffusivity, etc.) or deposition
parameters (e.g., time, concentration, etc.) may be included
in a measurement model to provide active feedback to etch
tools or deposition tools, respectively.

In general, the systems and methods described herein can
be implemented as part of the process of preparing a
measurement model for off-line or on-tool measurement. In
addition, both measurement models and any reparameter-
ized measurement model may describe one or more target
structures and measurement sites.

As described herein, the term “critical dimension”
includes any critical dimension of a structure (e.g., bottom
critical dimension, middle critical dimension, top critical
dimension, sidewall angle, grating height, etc.), a critical
dimension between any two or more structures (e.g., dis-
tance between two structures), and a displacement between
two or more structures (e.g., overlay displacement between
overlaying grating structures, etc.). Structures may include
three dimensional structures, patterned structures, overlay
structures, etc.

As described herein, the term “critical dimension appli-
cation” or “critical dimension measurement application”
includes any critical dimension measurement.

As described herein, the term “metrology system”
includes any system employed at least in part to characterize
a specimen in any aspect, including measurement applica-
tions such as critical dimension metrology, overlay metrol-
ogy, focus/dosage metrology, and composition metrology.
However, such terms of art do not limit the scope of the term
“metrology system” as described herein. In addition, the
metrology system 100 may be configured for measurement
of patterned wafers and/or unpatterned wafers. The metrol-
ogy system may be configured as a LED inspection tool,
edge inspection tool, backside inspection tool, macro-in-
spection tool, or multi-mode inspection tool (involving data
from one or more platforms simultaneously), and any other
metrology or inspection tool that benefits from the calibra-
tion of system parameters based on critical dimension data.

Various embodiments are described herein for a semicon-
ductor processing system (e.g., an inspection system or a
lithography system) that may be used for processing a
specimen. The term “specimen” is used herein to refer to a
wafer, a reticle, or any other sample that may be processed
(e.g., printed or inspected for defects) by means known in
the art.

As used herein, the term “wafer” generally refers to
substrates formed of a semiconductor or non-semiconductor
material. Examples include, but are not limited to, monoc-
rystalline silicon, gallium arsenide, and indium phosphide.
Such substrates may be commonly found and/or processed
in semiconductor fabrication facilities. In some cases, a
wafer may include only the substrate (i.e., bare wafer).
Alternatively, a wafer may include one or more layers of
different materials formed upon a substrate. One or more
layers formed on a wafer may be “patterned” or “‘unpat-
terned.” For example, a wafer may include a plurality of dies
having repeatable pattern features.

A “reticle” may be a reticle at any stage of a reticle
fabrication process, or a completed reticle that may or may
not be released for use in a semiconductor fabrication



US 9,490,182 B2

25

facility. A reticle, or a “mask,” is generally defined as a
substantially transparent substrate having substantially
opaque regions formed thereon and configured in a pattern.
The substrate may include, for example, a glass material
such as amorphous SiO,. A reticle may be disposed above a
resist-covered wafer during an exposure step of a lithogra-
phy process such that the pattern on the reticle may be
transferred to the resist.

One or more layers formed on a wafer may be patterned
or unpatterned. For example, a wafer may include a plurality
of dies, each having repeatable pattern features. Formation
and processing of such layers of material may ultimately
result in completed devices. Many different types of devices
may be formed on a wafer, and the term wafer as used herein
is intended to encompass a wafer on which any type of
device known in the art is being fabricated.

In one or more exemplary embodiments, the functions
described may be implemented in hardware, software, firm-
ware, or any combination thereof. If implemented in soft-
ware, the functions may be stored on or transmitted over as
one or more instructions or code on a computer-readable
medium. Computer-readable media includes both computer
storage media and communication media including any
medium that facilitates transfer of a computer program from
one place to another. A storage media may be any available
media that can be accessed by a general purpose or special
purpose computer. By way of example, and not limitation,
such computer-readable media can comprise RAM, ROM,
EEPROM, CD-ROM or other optical disk storage, magnetic
disk storage or other magnetic storage devices, or any other
medium that can be used to carry or store desired program
code means in the form of instructions or data structures and
that can be accessed by a general-purpose or special-purpose
computer, or a general-purpose or special-purpose proces-
sor. Also, any connection is properly termed a computer-
readable medium. For example, if the software is transmitted
from a website, server, or other remote source using a
coaxial cable, fiber optic cable, twisted pair, digital sub-
scriber line (DSL), or wireless technologies such as infrared,
radio, and microwave, then the coaxial cable, fiber optic
cable, twisted pair, DSL, or wireless technologies such as
infrared, radio, and microwave are included in the definition
of medium. Disk and disc, as used herein, includes compact
disc (CD), laser disc, optical disc, digital versatile disc
(DVD), floppy disk and blu-ray disc where disks usually
reproduce data magnetically, while discs reproduce data
optically with lasers. Combinations of the above should also
be included within the scope of computer-readable media.

Although certain specific embodiments are described
above for instructional purposes, the teachings of this patent
document have general applicability and are not limited to
the specific embodiments described above. Accordingly,
various modifications, adaptations, and combinations of
various features of the described embodiments can be prac-
ticed without departing from the scope of the invention as set
forth in the claims.

What is claimed is:

1. A method comprising:

receiving a first amount of measurement data associated

with measurements of a first plurality of measurement
sites on a surface of a semiconductor wafer, wherein
each of'the first plurality of measurement sites includes
a single patterned metrology target having a first grat-
ing pitch generated by a first patterning step of a
multiple patterning process and a multiple patterned
metrology target having a second grating pitch gener-
ated by the first patterning step and a subsequent
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patterning step of the multiple patterning process,
wherein the single patterned metrology target and the
multiple patterned metrology target are disposed adja-
cent to one another at each measurement site;

determining at least one structural parameter value asso-
ciated with each of the first plurality of measurement
sites based on the first amount of measurement data and
a combined measurement model by a computing sys-
tem, wherein a model parameter characterizing the
single patterned metrology target and a model param-
eter characterizing the multiple patterned metrology
target are linked in the combined measurement model,
and wherein the at least one structural parameter value
is indicative of a geometric error induced by the
multiple patterning process; and

storing the at least one structural parameter value in a

memory.
2. The method of claim 1, wherein the combined mea-
surement model is a trained input-output model.
3. The method of claim 2, further comprising:
receiving a second amount of measurement data associ-
ated with a second plurality of measurement sites,
wherein each of the second plurality of measurement
sites includes a single patterned metrology target hav-
ing a first grating pitch generated by a first patterning
step of a multiple patterning process and a multiple
patterning metrology target having a second grating
pitch generated by the first patterning step and a
subsequent patterning step of the multiple patterning
process, wherein at least one structural parameter value
characterizing the single patterned metrology target and
at least one structural parameter value characterizing
the multiple patterned metrology target are known at
each of the second plurality of measurement sites;

determining the input-output measurement model based
at least in part on the second amount of measurement
data; and

training the input-output measurement model based at

least in part on the known structural parameter values.

4. The method of claim 3, wherein the second amount of
measurement data is associated with measurements of the
second plurality of measurement sites on a Design of
Experiments (DOE) wafer and the at least one structural
parameter value characterizing the single patterned metrol-
ogy target and the at least one structural parameter value
characterizing the multiple patterned metrology target are
measured by a reference measurement system at each of the
second plurality of measurement sites.

5. The method of claim 3, wherein the second amount of
measurement data and the at least one structural parameter
value characterizing the single patterned metrology target
and the at least one structural parameter value characterizing
the multiple patterned metrology target at each of the second
plurality of measurement sites are simulated.

6. The method of claim 3, further comprising:

extracting one or more features of the second amount of

measurement data by reducing a dimension of the
second amount of measurement data, and wherein the
determining the input-output measurement model is
based at least in part on the one or more features.

7. The method of claim 6, wherein the reducing the
dimension of the second amount of measurement data
involves any of a principal components analysis, a non-
linear principal components analysis, a selection of indi-
vidual signals from the second amount of measurement data,
and a filtering of the second amount of measurement data.
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8. The method of claim 1, wherein the combined mea-
surement model is a multi-target model.
9. The method of claim 8, further comprising:
receiving a second amount of measurement data associ-
ated with a second plurality of measurement sites,
wherein each of the second plurality of measurement
sites includes a single patterned metrology target hav-
ing a first grating pitch generated by a first patterning
step of a multiple patterning process and a multiple
patterned metrology target having a second grating
pitch generated by the first patterning step and a
subsequent patterning step of the multiple patterning
process, wherein at least one structural parameter value
characterizing the single patterned metrology target and
at least one structural parameter value characterizing
the multiple patterned metrology target are known at
each of the second plurality of measurement sites;
determining the multi-target model such that the multi-
target model captures geometric features of the single
patterned metrology target and the multiple patterned
metrology target; and
training the multi-target model based on the second
amount of measurement data and the known structural
parameter values.
10. The method of claim 9, further comprising:
generating a first library of measurement data based on
simulations of the trained multi-target model for a
range of structural parameter values associated with the
single patterned metrology target; and
generating a second library of measurement data based on
simulations of the trained multi-target model for a
range of structural parameter values associated with the
multiple patterned metrology target.
11. The method of claim 10, wherein the determining of
the at least one structural parameter value indicative of the
geometric error induced by the multiple patterning process
involves fitting the first amount of measurement data to the
multi-target model, and wherein the fitting is based at least
in part on the first and second measurement libraries.
12. A system comprising:
a metrology tool including an illumination source and a
detector configured to perform measurements of a
target structure; and
a computing system configured to:
receive a first amount of measurement data associated
with measurements of a first plurality of measure-
ment sites on a surface of a semiconductor wafer,
wherein each of the first plurality of measurement
sites includes a single patterned metrology target
having a first grating pitch generated by a first
patterning step of a multiple patterning process and
a multiple patterned metrology target having a sec-
ond grating pitch generated by the first patterning
step and a subsequent patterning step of the multiple
patterning process, wherein the single patterned
metrology target and the multiple patterned metrol-
ogy target are disposed adjacent to one another at
each measurement site;

determine at least one structural parameter value asso-
ciated with each of the first plurality of measurement
sites based on the first amount of measurement data
and a combined measurement model, wherein a
model parameter characterizing the single patterned
metrology target and a model parameter character-
izing the multiple patterned metrology target are
linked in the combined measurement model, and
wherein the at least one structural parameter value is
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indicative of a geometric error induced by the mul-
tiple patterning process; and
store the at least one structural parameter value in a
memory.
13. The system of claim 12, wherein the combined

measurement model is a trained input-output model.

14. The system of claim 13, wherein the computing

system is further configured to:

receive a second amount of measurement data associated
with a second plurality of measurement sites, wherein
each of the second plurality of measurement sites
includes a single patterned metrology target having a
first grating pitch generated by a first patterning step of
a multiple patterning process and a multiple patterning
metrology target having a second grating pitch gener-
ated by the first patterning step and a subsequent
patterning step of the multiple patterning process,
wherein at least one structural parameter value charac-
terizing the single patterned metrology target and at
least one structural parameter value characterizing the
multiple patterned metrology target are known at each
of the second plurality of measurement sites;

determine the input-output measurement model based at
least in part on the second amount of measurement
data; and

train the input-output measurement model based at least
in part on the known structural parameter values.

15. The system of claim 14, wherein the computing

system is further configured to:

extract one or more features of the second amount of
measurement data by reducing a dimension of the
second amount of measurement data, and wherein the
determining the input-output measurement model is
based at least in part on the one or more features.

16. The system of claim 12, wherein the combined

measurement model is a multi-target model.

17. The system of claim 16, wherein the computing

system is further configured to:

receive a second amount of measurement data associated
with a second plurality of measurement sites, wherein
each of the second plurality of measurement sites
includes a single patterned metrology target having a
first grating pitch generated by a first patterning step of
a multiple patterning process and a multiple patterned
metrology target having a second grating pitch gener-
ated by the first patterning step and a subsequent
patterning step of the multiple patterning process,
wherein at least one structural parameter value charac-
terizing the single patterned metrology target and at
least one structural parameter value characterizing the
multiple patterned metrology target are known at each
of the second plurality of measurement sites;

determine the multi-target model such that the multi-
target model captures geometric features of the single
patterned metrology target and the multiple patterned
metrology target; and

train the multi-target model based on the second amount
of measurement data and the known structural param-
eter values.

18. The system of claim 17, wherein the computing

system is further configured to:

generate a first library of measurement data based on
simulations of the trained multi-target model for a
range of structural parameter values associated with the
single patterned metrology target; and

generate a second library of measurement data based on
simulations of the trained multi-target model for a
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range of structural parameter values associated with the
multiple patterned metrology target.

19. The system of claim 18, wherein the determining of
the at least one structural parameter value indicative of the
geometric error induced by the multiple patterning process 53
involves fitting the first amount of measurement data to the
multi-target model, and wherein the fitting is based at least
in part on the first and second measurement libraries.
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